Light carrying orbital angular momentum (OAM) has a spatial distribution of intensity and phase, which attracts considerable interest regarding several potential applications in optical and quantum scenarios recently. Spiral phase plates are commonly used elements for generating and analyzing OAM states. In this study, we put forward a method of directly writing binary multi-sector phase plates using the femtosecond laser. These phase plates are engraved on fused silica, which could be applied in high-intensity regimes. Different binary multi-sector phase plates were generated with high quality, which were proved by the observation of their structures, accompanied by detecting the beam patterns with the Gaussian beams. The proposed method provides a crucial basis for the rapid manufacturing of phase plates using convenient equipment, which can generate the superposition OAM states and may lead to the capability of measuring the high-dimensional entanglement.
Introduction
Orbital angular momentum (OAM) represents a new and fundamental degree of freedom (DOF) of light. Unlike spin angular momentum, which is associated with polarization, the OAM of light contains more abundant and complex information, leading to several applications. Since Allen et al. [1] found that a photon of a Laguerre-Gaussian laser mode has a well-defined OAM value in 1992, it has given rise to many developments in optical manipulation [2] [3] [4] , highprecision optical measurement [5] , remote sensing [6] [7] [8] [9] [10] [11] [12] , and high-capacity communication [13, 14] . Among these applications, higher intensity OAM modes will be more helpful for signal detection, especially for remote sensing [7] . In recent years, OAM has also been introduced into the quantum regime, particularly for the high-dimensional entanglement in OAM DOF [15] . With increasing dimensionality, the OAM entanglement state enables practical applications in photonic dense coding [16, 17] , security enhancement against eavesdropping [18, 19] , and quantum logic simplification in quantum computation [20] .
To generate or analyze the OAM state or OAM superposition state, liquid-crystal spatial light modulators (LCSLMs) [21] [22] [23] and digital micro-mirror device (DMD) [24] [25] [26] [27] [28] [29] are typically used for real-time and dynamic operation.
However, LC-SLM is costly and can only be used in cases of low power because of their low laser-induced damage threshold, and they have the inconvenience of large sizes and high losses. DMD only has the ability of binary control of amplitude. A typical approach to overcome such limitations involves utilizing of a spiral phase plate (SPP) to convert Gaussian modes into pure OAM modes [30, 31] and a rotatable multi-sector phase plate to produce superposition states [32] . Moreover, multi-sector phase plates with specific patterns have been found to be remarkable candidates for maximizing the Shannon dimensionality D of an entanglement state by selective projective measurements [32, 33] . There have been a multitude of studies regarding the manufacture of these phase plates, including molding techniques [34] , e-beam lithography [35] , e-beam deposition [36] , and direct laser writing by femtosecond laser pulses [37] [38] [39] [40] . Utilizing femtosecond laser, Wang et al. [39, 40] fabricated microscale geometric phase optical elements from photoresist materials. These phase plates manufactured by femtosecond laser were made from polymer or resist covered on the glass substrate, of which the laser-induced damage thresholds were too low to be used for high-power applications. Utilizing e-beam deposition, a multilevel SPP of 16 steps was developed by SiO 2 vapor deposition using four different types of masks [36] , allowing usage in high-intensity laser pulses; however, this is intricate and requires a long period of time for mask fabrication and the deposition procedure. Compared to other techniques, laser direct writing is flexible, easily handling and timesaving. In addition, due to the engravement on the fused silica, the multi-sector phase plate is low cost and has the capacity of generating high-intensity OAM modes, which is helpful in some applications. Here, we applied this rapid and easy operating solution of laser direct writing to produce binary multi-sector phase plates on fused silica. Employing the fabricated phase plates, we experimentally demonstrate that it functions well at generating OAM superposition states.
Design and fabrication
Mathematically, the OAM mode of light can be simply described by ψ l (r, ϕ) = A( √ 2r/w) l exp(−ilϕ) in the transverse plane, where ϕ is the angular coordinate, l defines the OAM mode number of photons, which can be any integer value, positive or negative, and w is the beam waist. In general, the selective projective measurement state consists of an inhomogeneous superposition of OAM modes. With alternate phase of 0 and π , binary multi-sector phase plates emerge as an extremely appropriate choice for generating OAM superposition states. The thickness difference is λ/[2(n − n 0 )] for a phase difference of π, where n is the refractive index of the material for the phase plate, n 0 is the refractive index of the surrounding medium, and λ is the wavelength of interest. Figure 1 illustrates four such phase patterns for the generation of OAM superposition states. The black and gray sectors represent zones with 0 and π phases, respectively. Considering a wavelength of 632.8 nm, the refractive index of the fused silica (HPFS 7980, Corning) is 1.457, and thus, the height difference of the sectors with a π phase difference is 692.3 nm.
As shown in Figure 2 , the direct laser writing setup is equipped with a fs-laser (Pharos, Light Conversion), of which the central wavelength is 1025 nm. We employ a 280-fs-wide pulsed laser with a tunable repetition rate, tightly focused with a 20× objective lens (Mitutoyo Plan Apo NIR, Edmund). The fused silica sample is mounted on an x yz-stage, and precisely positioned at the focus by a pair of cylindrical lenses. When the writing laser focuses at the surface of the sample, a circular spot can be detected on the CCD. Otherwise, the spot on the CCD appears as an elliptical one, either horizontally or vertically oriented. Combined with the polarization beam splitter, the pulse energy is attenuated by rotating the half-wave plate. The image assembly is comprised of a green LED, beam delivery optics and CCD camera. It is essential to image the sample in real time to successfully manufacture the binary multisector phase plate. As the laser spot is moved by an x ygalvanometer, the phase pattern is rapidly imprinted on the surface of the fused silica. After a parametric study of the pulse energy, repetition rate, interval between two successive shots, and line distance of laser writing, the multi-sector phase plate is optimized with a thickness difference between two adjacent zones of ∼710 nm, which is close to 692.3 nm.
Femtosecond laser writing leads to a slightly rough surface on the fused silica binary multi-sector phase plate, which will lower the transmission. Generally, post-treatments such as acid etching are added to reduce the roughness, which may introduce impurities and increase the damage probability for applications at high power. Here, after writing with the femtosecond laser, the phase plates are irradiated and polished by a CO 2 laser operating at 10.6 µm. The quasi-CW (continuous wave) is chopped to a frequency of 5 kHz with a pulse width of 25 µs via an acousto-optic modulator. Figure 3 shows images of binary multi-sector phase plate Directly writing binary multi-sector phase plates on fused silica using femtosecond laser inscribed with different superposition states on the fused silica. The fabrication quality can be inferred from the good shape and sharp steps. The phase pattern has a diameter of 500 µm on the sample. Thus, a variety of patterns can be imprinted on a plate of common sizes, such as 20 mm × 20 mm, which offers the convenience to alter the phase patterns for different cases simply by choosing the position of interest on the plate.
Characterization and discussion
The fabricated phase plates were characterized with a Gaussian beam emitted by a He-Ne laser (HNL008L, Thorlabs). The beam was reshaped by a lens of focal length f = 150 mm. We mounted the fabricated phase plate on a linear motion stage to adjust the z-position, herein the focus position and Gaussian spot size. A CCD (LT665, Ophir) located at a distance of 225 mm from the plates was used to capture the intensity profile, as shown in Figure 4 . In accordance with the expected patterns, the Gaussian spot, with a diameter of 238 µm at 1/e 2 , is separated into 2, 10, 20 and 40 petals passing through the binary multi-sector phase plates for the OAM superposition states of |1 + |−1 , |5 + |−5 , |10 + |−10 and |20 + |−20 , respectively. In addition, the entire light spot and dark zone at the center increase with the order of OAM modes. The intensity of the beam center for the superposition states of |ψ ± (l) should always be zero. However, for |l| > 5, a bright center can be observed for the generated beam, which results from the imperfects of the fabricated phase plates.
The imperfects mainly include the overwritten center of the phase plate, the error of the phase difference, and the transmissivity difference among the sectors. Taking mode of |5 + |−5 for example, we separately analyze the effects of the three facets on the generated beam profiles, respectively. First, because the center of the phase plate is overwritten, the phase of this area is not different but nearly same between adjacent sectors. As shown in Figure 5 , the intensity profiles vary with different overwritten areas. The waist radius of input Gaussian beam is 2 mm. The contrast of the petallike structure and central spot increases gradually with the decrease of the radius ratio between the overwritten area and input Gaussian beam. Only when the ratio is less than 0.1, there is no obvious effect on the generated beam profile. Second, when the error of the phase difference, or the height difference engraved by laser, between adjacent sectors is increasing, the contrast of the petal-like structure and central spot is lowering as well, as shown in Figure 6 . When the error is less than 0.1π , there is almost no obvious effect on the generated beam profile. Third, the transmissivity between adjacent sectors is also slightly different as the roughness between them varies after laser writing. Figure 7 displays the calculated intensity profiles under different transmissivity ratios between adjacent sectors. The poorer the uniformity of transmissivity is, the lower the contrast of the petal-like structure and central spot is. Nevertheless, there is no need to take the impact on the intensity profile into account when the transmissivity ratios are higher than 0.8. Based on the theoretical calculations, we carefully control the overwritten area and height difference and fabricate a phase plate with a diameter of 4 mm to generate mode of |5 + |−5 . The Gaussian beam emitted from the He-Ne laser is expanded and collimated. It has been found that the quality of the generated beams is slightly improved, as shown in Figure 8 . But due to the roughness remains different, the transmissivity between adjacent sectors is still inhomogeneous. Thus, the central spot remains brighter. The transmissivity inhomogeneity can be improved by more precise control of the energy deposition during the process of laser writing and laser polishing. This type of multi-sector phase plate can be used to measure OAM entanglement from a spontaneous parametric down-conversion process. Using two identical multi-sector phase plates, specific OAM components of entanglement are able to be selectively filtered by the projection states. The projection state is generally an extended superposition of OAM modes, which depends on the phase distribution and orientation of the plates [33] . Specially designing the sector angles of the binary multi-sector phase plates, the Shannon dimensionality D of an entanglement state can be maximized [32] . For example, with an optimized 10-sector phase plate, D can be achieved as high as 50 [32] . Fabrication of such an optimized phase plate with the proposed method is very simple as long as the sector angles are figured out, though we did not manufacture these special phase patterns. Generally, the laser-induced damage threshold of fused silica is higher than 4 J/cm 2 at the pulse duration in nanosecond regime [41] . The multi-sector phase plate fabricated from the fused silica can perform well under high intensity, which adds the number of applications and is very helpful to some existing applications, such as improving the signal intensity of remote sensing.
Conclusion
Binary multi-sector phase plates play an important role in entanglement measurement as OAM state analyzers. By combining fast femtosecond laser direct writing with CO 2 laser polishing, the phase plates for generating OAM superposition states are successfully manufactured on fused silica. These high-performance binary multi-sector phase plates can be fabricated with smaller sizes if necessary, and they can be conveniently integrated with other microoptics. In addition, the intensity profiles agree well with the expected pattern, though a bright center is observed. By eliminating the transmissivity inhomogeneity between adjacent sectors with a more precise control of the energy deposition during the manufacturing procedure, this method will be very competitive in the production of phase plates, for not only binary plates but also continuous plates.
